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Abstract 
INDUCTION AND MECHANISMS OF CELLULAR INJURY OF POTATO AND CUCUMBER 
TISSUES BY ENZYMES PRODUCED BY A SOFT ROT BACTERIUM, ERWINIA 
CAROTOVORA (JONES) HOLLAND 
Tsung-Che Tseng, B.S., National Taiwan University 
M.S., Cornell University 
Directed by: Dr* Mark S, Mount 
Three extracellular enzymes - endopolygalacturonate trans- 
eliminase (endo-PGTE), phosphatidase C, and protease - produced by 
Erwinia carotovora (EC-^) were purified by ammonium sulfate frac¬ 
tionation, DEAE cellulose column chromatography, and isoelectric 
focusing. The isoelectric point of the enzymes were: phosphatidase 
C, 7.5; protease, 8.3; and endo-PGTE, 9.4. Maceration and cellular 
death of both potato and cucumber discs occurred when purified 
endo-PGTE was present in the reaction mixture. The rate of cellular 
death of the discs paralleled the rate of maceration. Purified 
phosphatidase C and protease or a combination of these enzymes 
were unable to macerate potato and cucumber discs. No cellular 
death was evident when these two enzymes were reacted with potato 
tissue, however, some cellular injury was evident when cucumber 
was used as the substrate. When potato and cucumber discs which 
were allowed to accumulate 86RbCl were treated with the various 
purified enzymes, only endo-PGTE induced leakage of 86Rb from 
potato discs. No leakage of 88Rb occurred from cucumber tissue 
when reacted with any of the purified enzymes. 
Both purified phosphatidase C and protease caused isolated 
cucumber protoplasts to burst, whereas endo-PGTE did not. When 
phosphatidase C and protease were combined in a reaction mixture, 
iii 
there was a decrease in the percent survival of cucumber protoplasts 
as compared to when these enzymes were used singly in a reaction 
mixture# Leakage of neutral red from the protoplasts was observed 
before bursting of phosphatidase C and protease-treated protoplasts. 
Purified phosphatidase C and protease affected the respiratory 
mechanism of mitochondria with a resulting decrease in oxygen uptake. 
| 
The effect of phosphatidase C - treated mitochondria was much greater 
than that observed with protease. Purified endo-PGTE exhibited no 
appreciable effect on mitochondrial respiratory activity. In contrast 
to the results obtained from the enzyme-treated mitochondria, endo- 
PGTE caused a decrease in respiration when reacted with potato discs, 
however, only a slight decrease in oxygen uptake was evident when 
discs were reacted with either phosphatidase C or protease. This 
investigation suggests that the mechanism(s) of killing of host cells 
by purified endo-PGTE may be restricted to the cell wall of plants 
with no apparent effect on the membranes of protoplasts. The fact 
that both purified phosphatidase C and protease causes bursting of 
cucumber protoplasts and alters mitochondrial respiration, suggests 
that these enzymes may play a role in disease development. 
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1. 
I. INTRODUCTION 
Extracts of plant tissues infected with various plant 
pathogens, as well as culture filtrates of these pathogens, contain 
enzymes which induce maceration and cellular death of host tissue 
(24,57,102,103). Brown (24) observed that culture filtrates of 
Botrytis cinerea readily macerated plant tissues and that tissue 
maceration was accompanied by cellular death. Attempts to separate 
the factors in culture filtrates of pathogens responsible for tissue 
maceration and cellular death of plant cells have so far been un¬ 
successful. In early studies (24,32,55), the enzymatic nature of 
tissue maceration was established by using Sclerotinia 1ibertiana, 
and B. cinerea as enzyme sources. However, the killing action of 
these enzyme preparations was not clear. Tribe (107) and Fushtey 
(42) found that the rate of maceration and cellular death of plant 
tissues paralleled each other in crude enzyme preparation from B. 
cinerea and Bacterium aroideae. The pectic enzyme concentration 
in enzyme preparations appeared to be directly related to the degree 
of maceration and killing of host tissue. Kamal and Wood (57) pre¬ 
pared enzymes from Verticillium dahliae and demonstrated that 
activity of maceration was related to the activity of those enzymes 
which caused a loss in viscosity of pectic substances. They also 
obtained partial separation of maceration and killing activities 
by heating enzyme preparations and plasmolyzing test tissue. However, 
Mount et_ al_ (81) believed that this partial separation could possibly 
be explained on the basis of differential kinetics for two processes 
caused by a common factor. 
2. 
Phosphatidases (Lecithinases or phospholipases) have been 
suggested as toxic factors which may be responsible for cellular 
death of plant tissues (107). The production of phosphatidases has 
been associated with numerous phytopathogens (109). These enzymes 
are readily produced in Sclerotium rolfsii and Thielaviopsis 
basicola - infected bean tissues (69,109). Since phosphatides and 
proteins are considered to be the primary components of plant cell 
membranes (25), phosphatidases as well as proteases would appear to 
be likely enzymes responsible for the induction of cellular death of 
plant tissues. Friedman (41) demonstrated higher protease activity 
in a virulent strain of Erwinia carotovora than in a weakly virulent 
isolate and speculated that increased protease activity may be 
associated with greater pathogenicity. 
In all of the studies, except for those involving endo- 
polygalacturonate trans-eliminase (43,81) the problem dealing with 
maceration and cellular death has not been tested by using highly 
purified enzyme systems. This is an essential aspect in understanding 
the true enzymatic nature of host injury induced by a pathogen. At 
present, there is no information on the effects of purified phos¬ 
phatidases or proteases on plant tissues and the role that these 
enzymes play in pathogenesis. 
The purposes of this investigation were: (i) to isolate and 
purify enzymes (phosphatidases, protease and endo-polygalacturonate 
trans-eliminase) produced by E. carotovora (isolate 14), and (ii) to 
ascertain the effects of these enzymes upon cucumber and potato 
tissues in relation to such phenomena as tissue maceration, cellular 
death, changes in cell membrane permeability and respiratory activity. 
3. 
LITERATURE REVIEW 
Pectic Substances in Cell Walls of Higher Plants 
The cell wall is a dynamic structure and its composition and 
t 
properties constantly respond to growth, differentiation and the 
\ 
environment of the cell, and thus its formation is a continuous 
part of the growth of the cell* The higher plant cell wall is com¬ 
posed of three well-defined regions — the middle lamella, the primary 
cell wall and the secondary cell wall. The middle lamella is derived 
from the cell plate which develops in late teleophase and separates 
the primary walls of adjacent cells. 
Pectic substances are the principle constituents of the middle 
lamella (85), and these substances are found in other regions of the 
cell wall as well. Pectic substances are composed primarily of linear 
polymeric chains of D-galacturonic acid linked as an^K- 1, 4 gluco- 
side and containing carboxyl groups either not esterified (e.g. pectic 
acid) or esterified to different degrees with methanol (e.g. pectinic 
acid and pectin). When the degree of esterification of the carboxyl 
groups at the carbon 5 position of pectic acid is 75% or more the 
polymer is considered to be pectin; when esterification is less than 
75% it is called pectinic acid (33). The non-uronide fraction of the 
middle lamella constitutes a small proportion of the total and is 
thought to be composed of L-rhamnose, L-arabinose, D-galactose, and 
D-xylose (2,56). The sugars are thought to be linked as side chains 
to the galacturonic acid polymer or involved as residues within the 
linear chain, and acetic acid is bonded by ester linkages to the 
hydroxyl groups at carbon 2 or 3 of the galacturonic acid residue (56). 
4. 
Metal ions, particularly calcium and magnesium, are known to 
contribute to the structural integrity of plant tissues by forming 
salt bridges between uronic acid carboxyls of adjacent uronide poly¬ 
mers and possibly between uronide polymers and proteins (56)• It 
is to be expected that the nature of the chemical and physical 
association of galacturonide and nongalacturonide constituents of 
the cell wall will influence the extend to which pectic substances 
undergo enzymatic degradation in plant tissue, A number of excellent 
reviews in the chemistry of pectic substances are available (33,51,56, 
60,66,77,86). 
Pectolytic Enzymes in Relation to Tissue Maceration 
The various types of pectolytic enzymes have been treated in 
detail in several review articles (15,33,54,61,66,121). The action 
of pectolytic enzymes has been summarized well by Bateman and Millar 
(15). There are three types of enzymatic action on pectic substances, 
namely 1) hydrolytic cleavage of the ^ - 1, 4 glucosidic linkages 
between adjacent uronic acid units Cpolygalacturonases (PG) or poly- 
methylgalacturonases (PMG)J ; 2) cleavage of the <=*> - 1, 4 glycosidic 
bond by a trans-eliminative mechanism in which the proton from carbon 
5 of the unonide subunit is removed, yielding an unsaturated bond be¬ 
tween carbon 4 and carbon 5 of reaction product Cpolygalacturonate 
trans-eliminase (PGTE) or pectin methyl trans-eliminase (PMTE)l ; and 
3) hydrolytic demethylation of the methoxyl groups of pectin or 
pectinic acids to yield pectic acid Cpectin methylesterase (PME)l. 
This classification was based on three major criteria, 1) the 
mechanism by which the<^*\ - 1, 4 glycosidic bond is split, (i.e., 
hydrolytic or trans-eliminatic cleavage); 2) the enzyme "preference" 
5 
for the substrate (i.e,, pectin or pectic acid); 3) the position in 
the pectic chain at which cleavage occurs [i.e.,, random (endo) or 
terminal (exo) point of attackj. 
When plant tissues are rotted by soft rot pathogens, the 
rotting process involves a dissolving of the cementing substances 
that cause the cells to adhere to each other* This phenomena is 
generally known as maceration. The middle lamella is first attacked 
and enzymes produced by the pathogens then hydrolyze components of 
the wall matrix, Pectic compounds in the middle lamella and poly- 
galacturonide - rich compounds in the matrix of the cell wall are 
hydrolyzed resulting in loss of coherence (maceration) of tissue, 
Pectolytic enzymes are produced by many phytopathological organisms 
(fungi, bacteria and nematodes). The degradation of pectic sub¬ 
stances is accomplished by a variety of enzymes. Not until 1960 
was polygalacturonase (PG) assigned a major role in this breakdown 
(75), A significant advance was the discovery of pectin trans- 
eliminases (1). These enzymes have been found to be produced by a 
variety of pathogens and play a major role in tissue maceration. 
Not all pectolytic enzymes cause significant maceration. The role 
of pectin methyl esterase (PME) is to convert pectins to pectic acid, 
which is the preferred substrate for polygalacturonase (PG) and 
polygalacturonate trans-eliminase (PGTE). McClendon (76) and Bateman 
(13) concluded that maceration of host tissue is correlated with the 
action of endo-PG and endo-PGTE. Enzymes of the exo type change the 
cementing properties of their substrates too slowly to account for 
observed rates of maceration in soft rot diseases (49,76), 
Polygalacturonases — These enzymes preferentially attack pectic 
acid rather than pectin and are designated as exo-PG and endo-PG. 
Most studies with pectolytic enzymes have dealt with PG and its 
activity has been considered to be the main factor responsible for 
6, 
degradation of pectic substances in diseased plant tissues (54), 
The extent to which pectic enzymes are responsible for tissue degra¬ 
dation in infected plants can be determined by a comparison of the 
amount of pectic materials present in diseased and in healthy tissues. 
Cole and Wood (28) investigated the effects of two soft rot pathogens, 
?.• Qinerea and Penicillium expansum, and two firm rot pathogens, S_. 
fructigena and Pvrenochaeta furfuracea on pectic substances in apple 
fruit. Analysis of rotted tissues revealed that each of the fungi 
caused some degradation of pectic substances but the greatest loss 
occurred in tissues infected with soft rot pathogens which destroyed 
up to 48 percent of the pectic substances, Handcock et^ al_ (48) demon¬ 
strated that B. cinerea produced primarily endo-PG in liquid culture, 
but both endo- and exo-PG were produced in infected onion (Allium 
cepa) leaf tissue, Bateman (11) reported the presence of PG activity 
in culture extracts of Rhizoctonia solani which differed from the PG 
associated with R. solani - infected red kidney bean tissues. The 
enzyme in culture extracts liberated reducing groups much more rapidly 
than did the enzyme associated with diseased tissues, and converted 
sodium polypectate to low molecular weight polymers in which there was 
no release of galacturonic acid. The same author detected 2 hydrolytic 
enzymes in culture filtrates of Fusarium solani f, phaseoli and F. 
solani - infected bean tissues (14), One of these enzymes was a 
hydrolase more reactive with pectate than pectin and had a pH optimum 
near 6.0. This suggested PG type activity. Handcock and Millar (49) 
7. 
detected the in_ vitro production of exo-PG by 3 alfalfa (Medicago 
sativa) pathogens, Colletotrichum trifolii, As.cochyta imperfecta and 
Stemphylium botryosum, but these enzymes were not detected in infected 
tissues. Evidence for the production of endo-PG was not obtained. 
Some pathogens produce pectolytic enzymes constitutively; in many, 
however, production is inducible. In B^. cinerea, polygalacturonase 
is produced constitutively (26). For Fusarium oxysporium f. sp. lyco- 
persici, production of polygalacturonase is inductive. In the presence 
of pectin, the enzyme is readily formed, however, if glucose is pre¬ 
sent in the medium the production of PG is inhibited (20,90,117). 
Plant proteins which specifically inhibit pathogen-secreted 
endo-polygalacturonase have been demonstrated recently by Anderson 
and Albersheim (4). The and races of Collectotrichum 
lindemuthianum secrete endo-polygalacturonases. The endo-PG secreted 
by each of these races is completely inhibited by proteins associated 
with the cell wall of red kidney. Small white, and Pinto beans. They 
concluded that endo-PG’s secreted by the three races of C^. lindemuthia¬ 
num are identical, and that their inhibitor proteins present in the 
three bean cultivars are also identical. 
Pectolytic enzymes produced by pathogens can be related to 
characteristics of diseases in the field. The ability of B. cinerea 
to produce polygalacturonase in the presence of glucose probably is 
a factor in accounting for its ability to rot fruit even when the 
fruit is ripe and contains sugar. 
Polygalacturonate trans-eliminases (PGTE) — This group of 
enzymes reacts more with pectic acid than pectin and has been 
associated more commonly with plant disease systems than have the 
8. 
polymethyl trans-eliminases (PMTE). The production of endo-PGTE 
has been reported for E^ carotovora (18,21,23*81,103,112) Bacillus 
•v. 
polymyxa (103) Corynebacterium sp. (22), Pseudomonas marginalis (84), 
P. carophylli (22), and P. fluorescens (45). Certain phytopathogenic 
fungi also produce this enzyme, including 3 alfalfa pathogens (49), 
Fusarium spp. (14,79), Rhjzoctonia solani (9,100), Aeromonas lique- 
faciens (52), and Sclerotinia fructigena (27). Several researchers 
(15,27,31,81,112) found that polygalacturonate trans-eliminase, along 
with PG, is produced by various pathogens. Turner and Bateman (112) 
showed that the macerating enzyme produced by the bacterium E_. caroto¬ 
vora and the fungus Pythium aphanidermatum is PGTE. Culture filtrates 
of Corynebacterium sp. contain both endo-PGTE and cellulase and are 
capable of macerating carnation leaf tissue (23). Maceration, however, 
was closely correlated with endo-PGTE activity and not to cellulase 
activity. They concluded that endo-PGTE produced by Corynebacterium 
sp. is the major enzyme responsible for maceration of carnation leaf 
tissue. 
Regulation of polygalacturonate trans-eliminase synthesis was 
examined in Erwinia and Pseudomonas species by Zucker et al (123). 
Soft rot bacteria produced 100 to 1000 fold more enzymes per cell 
under optimum conditions than did other bacterial pathogens. Among 
the Pseudomonads, only Pseudomonas marginalis and a few other fluor¬ 
escent strains isolated from plant tissues synthesized PGTE. Consti¬ 
tutive synthesis was common in this group of pathogens. In contrast, 
the enzyme synthesis in most Erwinia species examined was inducible. 
Polypectate and pectin were equally effective carbon sources for 
enzyme induction in some Erwinia strains while in other strains the 
9. 
synthesis of PGTE was greater on pectin rather than on polypectate. 
Macerating Enzymes In Relation To Cellular Death 
The events of maceration and cellular death of infected plants 
parallel each other (43,81). Attempts to separate maceration and 
cellular death as a result of pectic enzyme action have failed. 
Tribe (107) has suggested ’’that the death of higher plant cells 
accompanying maceration by B. cinerea and B. aroideae enzymes is 
explainable by direct hydrolysis of pectic materials present in 
them and accessible in unplasmolyzed living cells . Studies with 
pectic enzymes produced by Rhizopus stolonifer (102) support this 
view. Mount et al (81) demonstrated that a highly purified endo 
PGTE produced by E. carotovora (isolate 14) induced electrolyte 
loss, tissue maceration, and cellular death of potato tuber tissue. 
They suggested that possibly a substrate for endo-PGTE resides in 
the plant cell membrane or within the protoplast. 
Erwinia chrysanthemi produced extracellular enzymes which de¬ 
graded pectic acid in a trans-eliminative manner (43). E_. chrysan- 
themi (isolate 307) from carnation, produced at least two pectic 
enzymes, and E. chrysanthemi (isolate 23) from philodendron, pro¬ 
duced at least four polygalacturonic acid trans-eliminases. The 
enzymes produced by each isolate were separated from each other and 
purified. All but one of the purified polygalacturonic acid trans- 
eliminases from both E_. chrysanthemi isolates induced electrolyte 
loss, maceration and cellular death of potato tissue. One of the 
enzyme fractions from isolate 23 did not macerate or induce cellular 
injury of potato, carrot or cucumber tissue. Analysis of enzyme 
10. 
activities indicated that this enzyme had exo properties. The 
induction of cellular death by macerating enzymes is still un¬ 
explained. In certain disease complexes, a number of enzymes of 
pathogen origin are present, and hydrolysis of pectic substances 
in the plant cell wall matrix does occur. Not one, but several 
enzymes, together or in combination with other factors, may partici¬ 
pate in killing plant cells. 
Proteins In Relation To The Plant Cell 
Proteins are perhaps most important biochemically because of 
their role in metabolism as biological catalysts on enzymes. Pro¬ 
teins also constitute a major portion of the structural framework 
of protoplasm. They are also known to participate in conjunction 
with phosphatides in the structural composition of plasma and 
particulate membranes of the cell (40). According to Ginzburg (44), 
proteins occur in the middle lamella. In chelate form, especially 
with divalent cations, they serve as a cementing substance. The 
cementing action can be eliminated either by the action of proteo- 
f I 
lytic enzymes or of chelating agents that remove metal from the 
§> 
protein (44). 
Proteolytic Enzymes And Degradation Of Plant Tissues 
Proteolytic enzymes are generally classified according to the 
I'% 
mode of hydrolyzed cleavage of the protein molecule (119). Two main 
groups are now distinguished, the endo-peptidases which hydrolyze 
linkages between specific amino acid residues and exo-peptidases 
which attack only terminal peptide bonds. 
Proteolytic enzymes have been studied extensively be several 
11. 
workers (44,46). Working with the rots of apple fruit caused by 
« 
Botryosphaeria ribis Grass. & Dug., Glomerella cingulata (Ston.) 
"V. 
Spauld. & Schrenk, Physalospora obtusa (Schw.) Cke., and a 
Physalospora sp., Kuc and Williams (63) were able to detect endo- 
i 
peptidase activity in extracts of the lesions produced by these 
pathogens. The proteolytic activity was thought to be involved 
in the degradation of the protein associated with the apple fruit 
middle lamella. Studies by Van Etten (114) and Van Etten and Bate¬ 
man (115) have revealed that Rhizoctonia solani produces an inducible 
extracellular protease in^ vitro. In these same studies proteolytic 
activity was detected in healthy and in R. solani, infected red kid¬ 
ney bean tissues, but the activity was much greater from the diseased 
tissue. ^The role of protease in pathogenesis was not established 
but it was suggested that this enzyme may have potential significance 
in disease development. 
Keen (59) presented striking evidence for the participation of 
a constitutive extracellular protease produced in culture by 
Pseudomonas lachrymans, the causual organism of angular leafspot of 
cucumber. The enzyme was also detected during pathogenesis in cucum¬ 
ber leaves. Partially purified P. lachrymans protease, trypsin, or 
pronase, when injected into cucumber leaves caused vein-limited water 
soaked areas which were similar to the symptons of the angular leaf 
spot disease. In another study (93) it was reported that Xanthomonas 
aIfalfae produced an extra-cellular protease. The protease activity 
was about 20 times greater in extracts from susceptible inoculated 
plants than in extracts from noninoculated control plants. Broths 
prepared from susceptible and resistant alfalfa plants supported 
12 
nearly equal bacterial growth, but protease activity was greater in 
broths from the susceptible plants. Mussell and Strouse (82) reported 
that twelve isolates of Verticillium albo-atrum from cotton produced 
extracellular proteolytic enzymes when grown on soluble or insoluble 
protein as a sole carbon source. Proteolytic enzymes were not de¬ 
tected when glucose was used as a sole carbon source, but low levels 
of glucose in combination with proteins enhanced enzyme production 
3- to 6-fold over that induced by proteins alone. Neither amino acid 
nor the polypeptide glutathione induced proteolytic enzymes when 
used as the only carbon source or with glucose. The role of proteo¬ 
lytic enzymes in tissue maceration is still uncertain. There is 
evidence both for and against the involvement of proteolytic enzymes 
in tissue maceration (44,76). More work with purified proteolytic 
enzymes is needed to determine the role of these enzymes in disease 
development. 
Phosphatides And Proteins In Cellular Membranes 
Biological membranes fall into two general categories, extra¬ 
cellular (e.g. glomerular basement) and cellular (e.g. plasma and 
intracytoplasmic). There are nuclear, mitochondrial, cytoplasmic 
or plasma membranes, and the membrane components of the endoplasmic 
reticulum and other intracellular organelles. All membranes contain 
large amounts of phosphatides (or phospholipids) and protein, and 
they exhibit a characteristic trilaminar "unit membrane” structure 
when fixed sections are studied by electron microscopy. It is 
generally assumed that specific proteins are responsible for impor¬ 
tant aspects of membrane function, such as active transport (96). 
13. 
The structural roles of proteins in membranes is more controversial. 
Recent interest has focused on two major questions, 1) Is there a 
protein in all membranes accounting for a major part of the membrane 
and is it responsible for the membrane’s structural features? and, 
2) How are proteins and phosphatides organized in membranes? Since 
it is beyond the scope of this thesis, the roles of proteins in 
membranes will not be discussed. 
Phosphatides in cellular membranes vary in different organelles 
and different species (72). Unfortunately, very little is know about 
the meaning of these differences, and no clear correlation of membrane 
function with phosphatide composition exists. The phosphatides occur¬ 
ring most commonly are phophatidylcholine (lecithin), phosphatidylethano- 
lamine (cephalin), phosphatidylserine, and phosphatidylinositol. Of 
these, phosphatidylcholine is the most widely distributed and in many 
tissues makes up about half of the total phosphatide fraction (5). 
The lipids of animal membranes consist mainly of phospholipids and 
cholesteral (68). Plant membranes, however, are thought to be more 
complex, consisting of phospholipids, glycolipids, sulfolipids and 
isoprenoids (17,106). 
Phosphatide-Degrading Enzymes In Relation To Cellular Injury 
The enzymatic degradation of phosphatides has been treated in 
numerous reviews (29,47,58,113,120). Five types of phosphatidases, 
e.g., phosphatidase A, B, C, D, and lysophosphatidase have been des¬ 
cribed (5), each of which is specific for. the hydrolysis of one (or 
two) of the ester linkages in the phosphatide molecule* Phosphati¬ 
dase A, B, C, and lysophosphatidase have been found in animal tissues 
14. 
and microorganisms (5); phosphatidase D has been reported only from 
higher plants (5). 
**» 
The ability of phytopathogens to produce phosphatidases is 
widespread (19,53,69,70,80,110,111). A role for phosphatidase in 
plant pathogenesis has not been established, but Thielavtopsis 
basicola produces two phosphatidase components in infected bean 
plants and the concentration of these enzymes in infected tissue 
parallels sympton expression during pathogenesis (69). Tseng and 
Bateman (109) reported that Sclerotium rolfsii (isolate 14) pro¬ 
duced phosphatidase B when cultured on autoclaved bean hypocotyls 
or during pathogenesis in bean. Lumsden (60) reported that the 
fungus Scleratinia sclerotiorum produced an extracellular phos¬ 
phatidase. 
The presence of phosphatidase in infected tissue early in 
disease development suggests that it may play a role in pathogenesis. 
Wang and Pinkard (118) suggested that the penetration of the cotton 
fruit by Diplodia gossypina was the result of the pathogens ability 
to produce polygalacturonate trans-eliminase along with other cell- 
wall degrading enzymes, proteases, phosphatidases, and possibly 
toxins which aids the fungus to use and destroy carpel wall tissues. 
Recently, Beraka et_ al^ (19) revealed that avirulent mutants of E. 
carotovora were associated with no phosphatidase activity and low 
levels of polygalacturonase (PG), pectate lyase (PL), and cellulase 
(CX), Mutants lacking the ability to produce phosphatidase could 
be either virulent or avirulent, depending only on the relative 
activity of PG, PL or CX. They suggested that if phosphatidase was 
involved in the virulence of E. carotovora, it was not by itself 
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the sole enzyme determining virulence. 
The action of "lecithinases or phosphatidases" has been 
suggested as a possible cause of changes in permeability of plasma 
membranes of infected plant tissue (105,107), but no experimental 
evidence has been reported associating phosphatidase action with 
plant pathogenesis. Huang and Goodman (53), studied the relation¬ 
ship of phosphatidase activity to hypersensitive reactions (HR) in 
tobacco leaves induced by certain bacteria. It was shown that 
commercial preparations of phosphatidase C and D did not induce HR. 
Hence, they postulated that although bacteria and particularly E. 
carotovora are able to potentiate phosphatidase activity in tobacco 
leaf tissue, such activity does not cause HR. Ruesink (97) and 
Ruesink and Thimann (98) tested a number of enzymes and showed that 
higher plant protoplasts were resistant to attack by proteases, 
lipases, and phosphatidases. They concluded that the plasma mem¬ 
brane of protoplasts may consist of typical protein and lipid 
components, with bonds which are not susceptible to digestion by 
the exogenous hydrolases tested. 
Studies relating to cellular injury by phosphatidases appears 
to be limited to studies with animal systems. Condrea and DeVries 
(29) have reviewed the action of phosphatidase A on cellular mem¬ 
branes. Hemolysis of red blood cells treated with snake venom has 
been attributed to phosphatidase A action on the membrane. Phos¬ 
phatidase C preparations have been used to modify a variety of 
membrane preparations and, in the few cases in which quantitative 
analysis have been reported, from 50 to 80% of the total phospholipid 
content has been hydrolyzed. In studies of muscle microsomes, 
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Martonosi (73) has shown that over 90% of membrane lecithin (com¬ 
prising 60 to 70% of total phospholipid) is hydrolyzed by phosphatidase 
C but the other lipids distinguishable on chromatograms appear to be 
little affected. This observation has been confirmed by Finean and 
Coleman (39) studying the action of phosphatidase C on haemoglobin- 
free human erythrocyte ghosts. Analysis of lipids by thin layer 
chromatography revealed that the main target of phosphatidase C is 
lecithin and sphingomyelin with a small effect on phosphatidylethanola- 
mine and very little effect on the more ionic phospholipids. Thus 
lipid hydrolysis by phosphatidase C again accounts for about two-thirds 
of the total membrane phospholipids. No study has yet been made of 
the physical state of residual lipids but optical rotatory dispersion 
and circular dichroism studies of phosphatidase C treated with 
erythrocyte ghosts (65) have indicated that the protein conformation 
is little changed although there is a small shift in the spectrum 
which still requires an explanation. 
Electron micrographs of sections through phosphatidase C 
treated erythrocyte ghosts and muscle microsomes (38) have shown 
uniformly dense droplets associated with membranous sacs which still 
retain a triiamellar structure. These dense droplets have been 
partially released by mild sonication treatment and separated by 
density gradient centrifugation. A variety of analyses have indicated 
that this fraction is rich in diglyceride and cholesterol but it also 
includes some membrane fragments. Electron micrographs of negatively 
stained preparations of phosphatidase C treated erythrocyte membranes 
(35) and liver plasma membranes (16) have revealed large (350 to 500 A° 
diameter) ring-like structures or defects in the membrane but no 
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molecular interpretation has yet been suggested. Phosphatidase C 
treated muscle microsomes showed no appreciable modification (74) 
by this method. 
X-ray diffraction studies of phosphatidase C treated membranes 
have again revealed marked changes in the diffraction patterns of 
the dried preparations. In the case of preparations of phosphatidase 
C treated erythrocytes there are no longer any diffraction bands in 
the 40 to 60 A° region where the phospholipid reflection is expected, 
but the residual lipo-protein band is enhanced as compared with the 
normal dried preparation. There are also sharp and intense reflec¬ 
tions at 34 A° and 17 A° that are clearly identifiable as arising 
from crystalline cholesterol. Phosphatidase C treated membranes 
which were treated subsequently with trypsin and then dried gave a 
low angle x-ray diffraction pattern which no longer featured a 
lipoprotein reflection. However, there was again a reflection in 
the 40 to 60 A° region and the cholesterol diffractions were further 
enhanced. A further treatment with phosphatidase C had no appreciable 
effect on the diffraction pattern in the 40 to 60 A° region. 
Phosphatidases have been extensively studied in relation to 
injury of animal mitochondria. In 1954, Nygaard et^ (87) obtained 
electron micrographs which suggested that morphological changes 
accompanied the hydrolysis of mitochondria by crotoxin, a purified 
phosphatidase A from the venom of Crotalus terrificus. Condrea et^ al^ 
(30) using partially purified venom containing phospholipase A also 
observed these changes. Phospholipase A has also been implicated in 
the inactivation of respiratory activity and uncoupling of oxidative 
phosphorylation in mitochondria (29). Evidence has been obtained 
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which shows that lecithinase A can penetrate the central nervous 
system in intact animals, and it is suggested that the inhibition 
of nervous function is related to the direct action of lecithinase 
A on tissue phospholipids (7). Petrushka et^ al_ (91) observed, 
following the addition of heated snake venom to rat mitochondria, 
an initial stimulation of the respiratory rate followed by a rapid 
inhibition. Phosphatidase A has been shown to inhibit oxidase, 
succinate — and NADH - cytochrome C reductase (116) and succinate- 
oxidase activities (37). Several workers have shown a decrease in 
the P/0 ratio of isolated mitochondria as a result of phospholipase 
A action in vitro (91,95) and in vivo (7). In addition to the effects 
of phospholipase A on metabolism, there are several reports indicating 
that structural disorganization also occurs. A change in NADH de¬ 
hydrogenase activity (94), and cytochrome C release occurred upon 
treatment of electron transport particles with snake venom (3). 
Backman et^ al_ (10) used phospholipase A to provide a clear separation 
of inner and outer membrane systems of beet heart mitochondria. It 
has also been reported that the addition of bee venom to rat liver 
mitochondria produced a marked swelling response (104). Swelling of 
phaseolus mitochondria by phospholipase A has been studied by Earnshaw 
and Truelove (36). Their results indicated that phospholipase A 
induced swelling of mitochondria as a result of released lysophospho- 
lipids plus free fatty acids, and that these released products (acting 
as detergents) reacted with the membranes. Recently, electron micro¬ 
scopy has shown that Agkistrodon piscivorus venom and phospholipase 
A produce identical morphological alternation in mitochondria and 
that structural disruption accompanies respiratory decline (8). 
19. 
Disruption of mitochondria in intact and isolated skeletal 
muscles has been observed when the tissues were treated with the 
alpha toxin of Clostridium welchii. This disruption of mitochondria 
was attributed to the hydrolysis of the mitochondrial lipids by the 
action of the toxin (101). 
Phospholipids in mitochondria are associated with the succinate 
oxidase complex of enzymes. Edwards and Ball (37) indicated that 
C. welchii contains a phosphatidase C which splits phosphorylcholine 
from lecithin. It acts on succinate oxidase, the enzyme usually 
associated with phospholipids, to release acid-soluble phosphorus 
and this release parallels a decrease in succinate oxidase activity. 
It was concluded that the relationship of intact phospholipids and 
succinate oxidase activity was important. However, the mechanisms 
of this relationship was not defined. 
Of the phosphatidases discussed above, most have referred to 
the action of phosphatidase A and C. The implicated role of other 
phosphatidases associated with abnormal or diseased processes has 
not been investigated. Both Sclerotium rolfsii and Botrytis cinerea 
are able to produce phosphatidase B (109,110). Perhaps, more de¬ 
tailed studies of this group of enzymes, and their association with 
plant pathogenesis may provide a better understanding of their toxic 
effects on host tissues. 
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II. MATERIALS AND METHODS. 
Erwinia carotovora (Jones) Holland, isolate 14, was used 
throughout this investigation. It was maintained on nutrient agar 
slants at 25 C; stock cultures were transferred at 2-week intervals. 
This isolate was highly virulent on potato (Solanum tuberisum L.) 
and cucumber (Cucumis sativus L.). 
Preliminary studies were carried out to select a suitable 
medium to produce phosphatidase, protease, and endopolygalacturonate 
trans-eliminase. Several kinds of media were used for this purpose: 
(i) Nutrient broth (Difco Laboratories, 8 g/1) supplemented with 
0.5% sodium polypectate (Sunkist Growers, Ontario, Calif., Napp); 
(ii) Nutrient broth (8 g/1) supplemented with 0.5% Napp plus potato 
tuber extracts (100 g/1); (iii) Nutrient broth (8 g/1) supplemented 
with 0.5% Napp plus 0,1% lecithin (Sigma Chemical Company); (iv) 
Sliced cucumber fruits (300 g/1); and (v) Seven-day-old bean 
hypocotyls (Phaseolus vulgaris L. ’Red Kidney’). The media were 
autoclaved for 15 min at 15 psi, and were incubated with E. carotovora 
for 15 days at 30° C, except that the cucumber medium was incubated 
for a 20 day period. Culture filtrates from the liquid cultures 
were harvested by centrifugation at 20,000 g for 20 min at 4 C, and 
the supernatant fluids were lyophilized and assayed for enzyme 
activities. Bacterial cultures which were grown on bean hypocotyl 
medium and sliced cucumber fruits were harvested by blending the 
flask contents with 50 ml of distilled water in a virtis '45* homogen- 
izer for one min at high speed. The extracts were filtered through 
four layers of cheesecloth to remove debris and then centrifuged at 
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20,000 g for 20 min at 5 C. Again, the supernatant fluid was 
lyophilized and assayed for enzyme activities. The cultures grown 
on both bean hypocotyls and the medium containing potato extracts 
served as excellent substrates for enzyme production by C. carotovora. 
However, the phosphatidase which was extracted from the potato medium 
was somewhat unstable and lost its activity after 2 days. The 
enzymes from culture filtrates of E_. carotovora grown on the bean 
hypocotyl medium were highly stable and served as the main source of 
enzymes for this study. 
Enzyme Assay 
Phosphatidase Assay — Since the phosphatidase produced by 
E^. carotovora has been identified as a phosphatidase C (80), the 
enzyme activity was quantitatively assayed by measuring the release 
of acid-soluble phosphorus (phosphorylcholine) from soybean lecithin 
(Nutritional Biochemical Corp.) as described by Lumsden and Bateman 
(69). The reaction mixture contained 1.0 ml of 0.1% refined soybean 
lecithin emulsion in 0.1 m tris [tris (hydroxylmethyl) amino methanej - 
HC1 buffer (pH 8.0), 0.5 ml enzyme, 0.5 ml of 0.1 M tris-HCl buffer 
(pH 8.0), and 0.25 ml of 0.025 M CaClg. Reaction mixtures were 
incubated for 1.0 hr at 30 C; enzyme activity was stopped by the 
addition of 0.1 ml of 5% bovine serum albumin and 0.9 ml of 20% 
trichloroacetic acid. The tuber and contents were centrifuged at 
28,700 g for 20 min at 4 C. One ml of the clear supernatant fluid 
was transferred to a test tube containing a single glass bead and 
was evaporated to dryness in a boiling water bath. One-tenth ml of 
concentrated nitric acid and nine-tenths ml of 70% perchloric acid 
were added to each tube, and the organic contents were digested for 
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30 min at 170 C. After cooling the digest at room temperature, 7.75 
ml of distilled water were added. The mixture was vigorously stirred, 
and 1.0 ml of a 2.5% aqueous solution of ammonium molybate was added 
to each tube, immediately followed by the addition of 0.25 ml of 0.5 
g 1-amino-2-naphthol-4-sulfonic acid dissolved in 195 ml of 15% (w/v) 
sodium bisulfite plus 5 ml of 20% (w/v) sodium sulfite. The mixture 
was shaken thoroughly and, after exactly 10 min# absorbance was read 
at 650 urn in a B & L Spectronic 20 Colorimeter. Phosphorus concen¬ 
tration was determined by using a standard curve prepared with K^PO^. 
One unit of enzyme activity was defined as the amount of enzyme re¬ 
leasing 10 pg of acid-soluble phosphorus in 1.0 hr at 30 C. 
The ’cup-plate' assay used as previously described (108) was 
employed for qualitative detection of phosphatidase activity. The 
assay medium contained 1.0% (w/v) refined soybean lecithin in 0.1 M 
tris-HCl buffer (pH 8.0), 2.0% (w/v) agar, 0.01% (w/v) MgSO^, and 
0.01% Merthiolate (Eli Lilly Co.). Thirty ml of this warm medium 
was poured into a petri plate and allowed to solidify. Wells were 
made in the solidified medium with a No. 5 cork borer (8.0 mm dia.). 
The bottom of each well was sealed with one drop of the medium. One- 
tenth ml of enzyme preparation was placed in the wells and incubated 
at 30 C for 24 hr. Phosphatidase activity was recognized by the for¬ 
mation of white zones surrounding the wells. 
Protease Assay 
The assay for protease activity, quantitatively, was performed 
using spectrophotometric techniques (64). Reaction mixtures consisted 
of 1.0 ml of 1.0% (w/v) gelatin (Nutritional Biochemical Corp.) in 
0.05 M Tris-HCl buffer (pH 8.0) with 0.01% CaCl2 and 1.0 ml of enzyme 
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preparation. Incubation was carried out at 37 C for 1 hr. At the 
end of the incubation period 3.0 ml of 20% trichloroacetic acid (TCA) 
was added and the contents thoroughly mixed. The test tubes were 
centrifuged at 5,000 g for 20 min at room temperature. The absorbance 
of the clear supernatant, containing TCA soluble hydrolysis products, 
was determined at 280 nm in a Beckman DB Spectrophotometer against a 
reaction blank. The reaction blank was identical to the reaction 
mixtures mentioned above, except that TCA was added immediately follow¬ 
ing the addition of 1.0 ml of enzyme preparation. One unit of protease 
activity was defined as that amount of enzyme causing an increase in 
absorbance of 0.01 at 280 hm of the TCA acid soluble reaction products. 
Preliminary studies of the production of protease by E^. carotovora 
were carried out by incubation of various protein substrates (1%), 
Hemoglobin (Worthington Biochemical Corp.), gelatin (Nutritional Bio¬ 
chemical Corp.), casein hydrolysate (Nutritional Biochemical Corp.), 
bovine serum albumin (Sigma Chemical Corp.) and TAME (p-toluene- 
sulphonyl-L-arginine methyl ester) (Worthington Biochemical Corp.), 
with equal volume of the enzyme preparation at pH 8.0. The enzyme 
activities were assayed as described above. The results indicated 
that the crude enzyme preparation contained a protease which hydro¬ 
lyzed gelatin, casein hydrolysate and bovine serum albumin. However, 
it did not hydrolyze hemoglobin and TAME. Among those substrates, 
gelatin was considered to be the best substrate for determining the 
protease activity. 
The * cup-plate’ assay was used for qualitative assay of protease 
activity, as well as for routine monitoring for the presence of the 
enzyme. The medium contained 2.0% (w/v) agar, 0.01% (w/v) gelatin. 
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The cup-plate medium was prepared by the same procedures as that 
described above for phosphatidase detection. One-tenth ml of enzyme 
preparation was added to each well and incubated at 30 C for 24 hr. 
Ten ml of 20% (w/v) TCA were added to the incubated plate. The 
presence of protease was determined by a clearing zone around the 
well with a red background. 
Endopolygalacturonate trans-eliminase Assay 
Endopolygalacturonate trans-eliminase was measured by the 
periodate-thiobartituric acid (TEA) method (92). The reaction mix¬ 
ture contained 0.1 ml of 0.6% (w/v) sodium polypectate in 0.05 M 
Tris-HCl buffer (pH 8.0) plus 10~^ M CaC^ and 0,1 ml enzyme. The 
reaction mixture was incubated for 1 hr at 30 C. After incubation, 
0.3 ml of 0.025 HIO^ in 0.25 N^SO^ was added to the mixture and held 
at room temperature for 20 min. This was followed by the addition of 
0.5 ml of 2% (w/v) sodium arsenite in 0.5 N HC1 and the mixture was 
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allowed to stand at room temperature for 2 min. Two ml of 3% (w/v) 
thiobarbituric acid (pH 2.0) was then pipetted into the solution and 
the mixture was placed in a boiling water bath for 10 min. Activity 
of the enzyme is indicated by the formation after heating of a red 
chromagen which shows a maximum absorption at 548 nra. One unit of 
endopolygalacturonate trans-eliminase was defined as that amount of 
enzyme giving an increase in absorbance of 0.1 in 1 hr at 548 nm. 
All of the controls contained autoclaved enzymes instead of 
active enzymes except the control for the protease assay using the 
spectrophotometric method. Protein was determined by the method of 
Lowry et_ al^ (67). Crystalline bovine albumin was used as the refer¬ 
ence protein 
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Enzyme Purification Procedures 
Step 1* Fractionation of enzyme preparations — Lyophilized 
culture extracts of E. carotovora (grown on bean hypocotyls) served 
as the crude enzyme source. Seven grams of lyophilized extracts 
were dissolved in 100 ml of distilled water and dialyzed against 
several liters of cold distilled water for 24 hr at 4 C. The dialyzed 
solution was brought to 40% saturation with powdered ammonium sulfate, 
allowed to stand for 1 hr at 5 C, and centrifuged for 20 min at 
20,000 g. The precipitate was collected and dissolved in 10 ml of 
cold distilled water. This procedure was repeated for ammonium 
sulfate saturation of 60, 80, and 90%. The precipitate of each 
fraction was immediately assayed for protein content and phosphatidase 
C, protease, and endopolygalacturonate trans-elminase. Each fraction 
was dialyzed and separately subjected to Diethylaminoethylcellulose 
(DEAE cellulose, Cl form) column chromatography. 
Step 2. Ion-exchange Chromatography (DEAE cellulose column) — 
Partially purified enzymes (phosphatidase C, protease, and endopoly¬ 
galacturonate trans-eliminase from ammonium sulfate fractions) were 
applied to a 2.5 x 23 cm of DEAE cellulose column buffered with 0.05 
M Tris-HCl buffer at pH 8.0. The column was eluted with 60 ml of 
0.05 M Tris-HCl buffer (pH 8.0) followed by a NaCl gradient in buffer 
until 0.4 M NaCl was reached. Ten ml fractions were collected and 
assayed for enzymatic activities. 
Step 3. Isoelectric focusing — The peak fractions, consisting 
of three different enzymes (phosphatidase C, protease, and endopoly¬ 
galacturonate trans-eliminase)t from the DEAE cellulose elution were 
combined and dialyzed for 24 hr at 4 C. These enzymes were subjected 
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to isoelectric focusing in a LKB 8101 Ampholine electrofocusing 
apparatus equipped with a 110 ml column (LKB Produkter AB, Bromma, 
Sweden) containing pH 7-10 Ampholine carriers. Electro-focusing was 
carried out at 4 C for 48 hr, at which time the pH gradient had formed 
and the current had stabilized (500 V, 0.8 ma). Five ml fractions 
were collected and the pH of each fraction was measured. Each fraction 
was dialyzed against water at 4 C for 24 hr and then assayed for pro¬ 
tein content and enzyme activities. This procedure was used to deter¬ 
mine the isoelectric point of the enzyme as well as the final step in 
its purification. 
Measurements of Tissue Maceration and Cellular Death 
Tissue maceration was evaluated and rated as described by Bateman 
(12). Discs (8,0 mm x 0.2 mm) of potato and cucumber fruit medulla 
tissues served as the substrate in all of these studies. Discs were 
placed in enzyme preparations buffered at pH 8.0 with 0.025 M Tris- 
HC1 buffer. At various time intervals, discs were removed from the 
enzyme and scored as to the degree of maceration and cellular death 
which had resulted. Discs treated with autoclaved enzymes or the 
buffer did not macerate, and received a score of 5, but those in which 
the coherence had been completely lost received a rating of 0. 
Intermediate values were assigned to discs exhibiting an intermediate 
stage of maceration. Cellular death was determined using the method 
described by Tribe (107). Potato and cucumber discs were placed in 
various enzyme preparations, buffered at pH 8.0 with 0.025 M Tris-HCl 
buffer. At various time intervals, discs were removed from the enzyme 
and transferred into a plasmolyzing solution (10.0 ml of 1 M KN0~) 
containing 1.0 ml of Neutral Red (1.0% w/v, in distilled water) ana 
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1.0 ml of 0.05 M Tris-HCl buffer (pH 8.0). The discs were allowed 
to stand in this solution for 20 min at room temperature, then washed 
in a solution containing 1 M KNO^ and 0.05 M Tris-HCl buffer pH 8.0 
(w/v, 1:1) for lo min. Cells (or protoplasts) which retained the 
Neutral Red dye were considered to be alive and received a rating of 
5. Cellular death was indicated by the absence of stained protoplasts 
and discs which did not retain the dye received a rating of 0. Inter¬ 
mediate values were assigned to discs depending upon the number of 
protoplasts which were stained. 
Measurement of Permeability Change 
The permeability change of potato and cucumber tissues treated 
with enzymes was measured by determining the loss of Rb from 
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tissues which had been allowed to accumulate RbCl prior to enzyme 
treatment (81). One hundred potato or cucumber discs were placed in 
10 ml of a solution containing 20 pc 86Rb (1.7 pc ^6Rb/mg RbCl) 
buffered at pH 8.0 with 0.05 M Tris-HCl. The discs were stirred 
slowly for 4 hr at room temperature and then washed 6 times (100 ml 
each) with 0.05 M Tris-HCl buffer (pH 8.0). Eight discs with dimen¬ 
sions of 8 mm diam x 0.4 mm thick (8 potato discs = 0.522 g, 8 cucum¬ 
ber discs = 0.500 g) were put into test tubes containing 1.0 ml of 
enzyme and 1.0 ml of 0.05 M Tris-HCl buffer (pH 8.0) and incubated 
at 30 C for various periods of time. Autoclaved enzymes or Tris- 
HCl buffer substituted for active enzyme were used for the controls. 
At time zero and various intervals thereafter, 5 pi of bathing solu¬ 
tion was removed and put into a scintillation counting vial. Fifteen 
ml of scintillation fluid (Liquifluor, New England Nuclear, in 
toluene) were added to each vial, and the radioactivity was measured 
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with a Nuclear Chicago Liquid Scintillation Counter (Model 6850)• 
Isolation of Cucumber Protoplasts 
Protoplasts were prepared from cucumber fruit locular tissues. 
Several pieces of the locular tissue were treated with 10% (w/v) 
pectinase (Nutrition Biochemical Co,) and cellulase (Rohm & Hass Co, 
L.d) in 20% (w/v) sucrose for 30 min at 30 C, The mixture was strained 
through six layers of cheesecloth to remove cellular debris. The fil¬ 
trate which contained protoplasts in suspension was left for 5 min to 
allow any small debris to settle and the protoplasts which were float¬ 
ing up and being concentrated on the surface were transferred to test 
tubes. Approximately 3,0 ml of the cencentrated suspension of proto¬ 
plasts were transferred to test tubes containing 0.6M sucrose with 
0,01% Neutral Red, After 40 min, the protoplasts which had floated 
to the surface were transferred as a concentrated suspension (approxi¬ 
mately 3,0 ml) to another comparable test tube and the procedure re¬ 
peated, These protoplasts were referred to as ’’twice-washed" proto¬ 
plasts which diluted the pectinase and cellulase 100 fold or more 
and served to dilute any contaminating enzymes from the locular 
juice. The isolated protoplasts were then reacted immediately with 
the purified enzymes produced by E, carotovora and the effects of 
these enzymes on the protoplasts were observed under the phase micro¬ 
scope. 
Isolation of Mitochondria from Potato Tubers 
The isolation of mitochondria was accomplished using the method 
of Palmer (89) with several modifications. Six hundred grams of 
peeled potato tubers (cut into small pieces) were grated in 500 ml of 
a medium consisting of 0.5 M sucrose and 0.05 M Tris-HCl buffer 
(pH 7.8) with 10~5 M Streptomycin. The homogenate was then 
stirred and filtered through four layers of cheesecloth and two 
layers of Miracloth. The resulting solution was centrifuged at 
3,000 g for 10 min to remove cellular debris and starch. The 
supernatant was then centrifuged at 15,000 g for 25 min and the 
pellet which formed was suspended in 25 ml of 0.4 M sucrose and 
0.05 M Tris-HCl buffer (pH 7.2) containing 10”5 M streptomycin. 
The mitochondria were then sedimented at 15,000 g for 25 min and 
finally suspended in 1.0 ml of 0.4 M sucrose and 0.05 M Tris-HCl 
buffer (pH 7.2) containing 10*"4 M streptomycin and their respira¬ 
tory activity was measured. All the solutions and appartus used 
in the isolation procedures were maintained at 4 C. Experiments 
were carried out in a Gilson Differential Respirometer. Each 
flask contained 1,4 ml of active mitochondria (0.8 mg protein/ 
reaction), 40 jun Pi, 2 jjM ATP, 0.02 jiM cytochrome C, and 20 pM. 
of sodium succinate. For measuring the effect of the purified 
enzymes on respiratory activity of mitochondria, 0.4 ml of the 
purified enzyme preparation was added to the flask side arm and 
poured into the reaction medium after a given period of time. 
All of the experiements were carried out in a 25 C water bath. 
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III. RESULTS 
v. 
Enzyme Activities — The activity of endopolygalacturonate 
trans-eliminase (endo-PGTE), phosphatidase C, and protease was 
in the alkaline range as was previously reported (81,108). Endo- 
PGTE produced by E. carotovora exhibited a maximum enzyme activity 
on sodium polypectate at pH 8.0-8.5 and activity was stimulated by 
the addition of 10'4 M Ca+2. The production and activity of pro¬ 
tease was first estimated by utilizing various protein substrates — 
Hemoglobin (Worthington Biochemical Corp.), casein hydrolysate 
(Nutritional Biochemical Corp.), bovin serum albumin (Sigma Chemical 
Corp.), and TAME (Worthington Biochemical Corp.) and gelatin (Nutri¬ 
tional Biochemical Corp.). The crude enzyme preparation contained 
a protease which hydrolyzed gelatin, casein hydrolysate, and bovine 
serum albumin but was not active on hemoglobin and TAME. Gelatin 
was considered to be the best substrate of those treated. Optimal 
enzyme activity was between pH 8.0 and 8.5. The enzyme was inhibited 
by Zn42 (10”4 M) and Co42 (10”4 M), but was stimulated by Ca*2 
(10”4 M). Whether the protease was of an endo- or exo-type was not 
determined. The phosphatidase C produced by E. carotovora was active 
in the alkaline range (80). The enzyme activity was stimulated by 
-A 4 o _4 4-9 
10 M Mg and 10 M Ca * 
Purification 
Phosphatidase C — Phosphatidase C was mainly found in the 
precipitate obtained from the 40-60% ammonium sulfate [(NH^^SO^l 
fraction (Table 1). This was the fraction used for further purifi- 
fication of this enzyme on DEAE cellulose. Two peaks showing phos- 
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phosphatidase C activity were eluted on DEAE cellulose column (Fig, 1), 
Since the first peak showing phosphatidase activity (phosphatidase I) 
had a higher specific activity (3,4) than the second (<£3.0) only 
phosphatidase I was used for futher purification. This peak also 
contained protease and endo-PGTE, Phosphatidase C, protease, and endo- 
PGTE could not be separated by DEAE cellulose column chromatography 
(Fig, 1), The enzymes within the 60-100 ml eluate from DEAE cellulose 
column were dialyzed and subjected to isoelectric focusing using an 
Ampholine carrier which had a pH range of 7-10 (Fig, 2), Isoelectric 
focusing resulted in the separation of phosphatidase C, protease, and 
endo-PGTE with isoelectric points at pi 7.5, 8.3, and 9.4, respectively. 
A 25 fold increase in purity was obtained for phosphatidase C (Table 2). 
Protease —- When the crude culture filtrate was fractionated 
with ammonium sulfate, maximum protease activity was found in the 
precipitate obtained between 60-80% (NH^j^SO^ saturation (Table 1), 
The precipitate was dissolved in 10 ml of distilled water, dialyzed 
and applied to a DEAE cellulose column. Only one protease peak was 
eluted between 70-90 ml volume from the column (Fig. 3). Again, two 
phosphatidase C peaks were eluted with a similar elution profile as 
that obtained from the 40-60% (NH4>2S0^ fraction (Fig. 1), Iso¬ 
electric focusing of the 70-90 ml eluate resulted in the complete 
separation of the three enzymes with isoelectric points similar to 
those from the 40-60% (NH^^SO^ fraction (Fig. 4). A 57.1 fold in¬ 
crease in purity was obtained after isoelectric focusing (Table 2). 
Encopolygalacturonate trans-eliminase — The greatest activity 
of endo-PGTE was found in the 80-90% ammonium sulfate precipitate 
(Table 1). Only endo-PGTE was evident in this fraction. Further 
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purification of DEAE cellulose (Fig. 5) and isoelectric focusing 
(Fig. 6) resulted in a 140.6 fold purification of endo-PGTE. 
The purity of each enzyme from the electrofocusing column was 
carefully examined. The activity (units/mg protein) of each enzyme 
was adjusted in the following experiments in order that replication 
could be kept constant and interpretation of the results simplified. 
Maceration and Cellular Death 
The association of tissue maceration and cellular death with 
the purified enzymes is illustrated in Table 3. Maceration of both 
potato and cucumber discs occurred only when endo-PGTE was present 
in the reaction mixture. The rate of cellular death of potato discs 
paralleled the rate of maceration. No cellular death was evident 
when phosphatidase C or protease, alone or together, were incubated 
for 4 hr with potato tissue. A cellular death index of 3 and 4 for 
phosphatidase C and protease, respectively, was obtained however for 
cucumber tissue after a 4 hr incubation period. The effect of com¬ 
bining the enzymes after 3 hr of incubation was only a slight increase 
(index of 3 as compared to an index of 4 for both phosphatidase C and 
protease treated cucumber discs). 
Leakage of 86Rb 
Potato and cucumber discs which were allowed to accumulate 
86 
RbCl were treated with the various purified enzymes. Only purified 
endo-PGTE readily induced leakage of ®6Rb from potato discs (Fig. 7). 
However, the loss of isotope from tissue treated with phosphatidase C, 
protease, or a combination of the two enzymes was essentially the same 
as that obtained with autoclaved enzymes or buffer alone. When cucum¬ 
ber labelled tissues were treated with the purified enzymes, no sig- 
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Table 1. Ammonium sulfate fractionation of crude culture filtrate 
of Erwinia carotovora (EC14)~ 
% (NH4) so 
Saturation^5 
Relative activity (pH 8.0) 
Endo-PGTE Phosphatidase C Protease 
0-40 22.0 22.4 49.0 
40-60 
00 • 
CM
 
CM
 100.0 61.0 
60-80 23.6 19.4 100.0 
80-90 100.0 0.0 0.0 
a Culture was grown on autoclaved bean hypocotyls for 14 days at 30° C. 
b Seven grams of crude lyophilized enzyme (9.6 mg protein/ml were 
dissolved in 100 ml of distilled water and dialyzed at 4° C for 
24 hr. The dialyzed solution was stirred and powdered ammonium 
sulfate v/as added to 40% saturation at 23° C for 1 hr. The pre¬ 
cipitate was collected by centrifugation at 20,000g for 20 min 
at 4° C. This procedure was repeated at 60, 80, and 90% ammonium 
sulfate saturation. The precipitate from each fraction was dis¬ 
solved in 10 ml of cold distilled water, and the saturation was 
immediately assayed for protein content and enzyme activities. 
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Fig. 1 Separation of phosphatidase C, protease, and endo- 
polygalacturonate trans-eliminase by DEAE cellulose 
column chromatography. Three ml of dialyzed enzyme 
from 40-60% ammonium sulfate saturation were applied 
to a DEAE cellulose column (2.5 x 23 cm) at 5° C. 
Ten ml fractions were collected and enzyme activities 
were immediately assayed. 
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Fig. 2 Resolution of phosphatidase C, protease and endo- 
polyga lacturonate trans-eliminase from fractions 
eluted from the DEAE cellulose column described 
in Fig. 1. Separation was accomplished by iso¬ 
electric focusing using ampholine carriers with 
a pH range of 7-10 at 5° C for 48 hr. Five ml 
fractions were collected and immediately measured 
for pH values. After dialyzation at 4° C for 24 
hr, each fraction was checked for various enzyme 
activities. 
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39. 
Fig. 3. Separation of protease, phosphatidase C, and endo- 
polygalacturonate trans-elimjnase by DEAE cellulose column 
chromatography. Three ml of dialyzed enzyme from the 60-80% 
ammonium sulfate saturation were applied to the DEAE cellulose 
column (2.5 x 23 cm) at 5° C. Ten ml fractions were collected 
and enzyme activities were immediately assayed. 
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Fig. 4. Resolution of protease, phosphatidase C, and endo- 
polygalacturonate trans-eliminase from fractions 5-10 eluted 
from the DEAE cellulose column described in Fig. 3. Separa¬ 
tion was accomplished by isoelectric focusing using ampholine 
carriers with a pH range of 7-10 at 5° C for 48 hr. Five ml 
fractions were collected and immediately measured for pH values. 
After dialyzation at 4° C for 24 hr. each fraction was checked 
for enzyme activities. 
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Fig. 5. Purification of endopolygalacturonate trans-eliminase 
by DEAE cellulose column chromatography. Three ml of dialyzed 
enzyme from 80-90% ammonium sulfate saturation were applied to 
a DEAE cellulose column (2.5 x 23 cm) at 5° C. Ten ml fractions 
were collected and the enzyme activity was immediately assayed 
by the thiobarbituric acid method (92). No protease or phos- 
phatidase C activity was detected at this level of (NH4)2S04 
saturation. 
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Fig, 6. Isoelectric focusing of endopolygalacturonate trans 
eliminase fractions from DEAE cellulose column chromatography 
(Fig, 5) by using ampholine carriers with a pH range of 7-10 
at 5° C for 48 hr. Five ml fractions were collected and im¬ 
mediately measured for pH values. After dialyzation at 4° C 
for 24 hr, each fraction was checked for enzyme activity by 
the thiobarbituric acid procedure (92), 
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47. 
nificant differences were observed between the active enzymes and 
the control treatments (Fig. 8), although endo-PGTE has the ability 
to completely macerate and kill cucumber tissue within an hour 
(Table 3). The radioactivity of a single cucumber disc was around 
25 x 103 CPM indicating that 86Rb was accumulated within the tissue. 
The reason for 86Rb not being released from the endo-PGTE-treated 
cucumber tissue is not understood, since it is released from potato 
tissue, but may be an indication of the isotope being irreversably 
bound to some component of the tissue. The results here indicate 
that cucumber tissue is not a suitable material for this type of 
study. 
Effect of Purified Enzymes on Cucumber Protoplasts 
When isolated protoplasts from cucumber locular tissue were 
treated with 0.01% neutral red in 0.6 M sucrose at pH 7.3, the dye 
accumulated within the vacuoles and cytoplasm. The neutral red 
dye is used for evaluating cellular death as mentioned before. Three 
different types of normal protoplasts (containing neutral red) were 
observed during isolation (Fig. 9). The effects of the various 
purified enzymes on protoplast survival are illustrated in Table 4. 
Both purified phosphatidase C and protease caused the protoplasts 
to burst, whereas endo-PGTE did not. When phosphatidase C and pro¬ 
tease were combined in a reaction mixture, there was a decrease in 
percent survival of cucumber protoplasts as compared to when these 
enzymes were used singly in a reaction mixture (50% and 76% survival 
after one hr incubation for phosphatidase C and protease, respectively, 
as compared to 36% when the enzymes were in combination). Leakage of 
48* 
86 
Fig. 7. Leakage of Rb from potato discs treated with purified 
endopolygalacturonate trans-eliminase, protease, phosphatidase C, 
and protease 4- phosphatidase C. Reaction mixtures contained 2.0 
ml of enzyme, 2,0 ml of 0.05 M Tris-HCl buffer (pH 8.0, and 8 
discs (ca. 0.5 g). The control is represented by the leakage 
of Rb from potato discs when reacted with autoclaved enzyme- 
buffer mixtures. Enzyme preparations were the same as that des¬ 
cribed in Table 3. 
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86 
Fig. 8. Leakage of Rb from cucumber discs treated with 
purified endopolygalacturonate trans-eliminase, protease, 
phosphatidase C, and protease + phosphatidase C. Reaction 
mixtures contained 2.0 ml of enzyme 2.0 ml of 0.05 M Tris- 
HC1 buffer (pH 8.0), and 8 discs (ca. 0.4 g). The control 
q r* 
is represented by the leakage of °Rb from cucumber discs 
when reacted with autoclaved enzyme-buffer mixtures. Enzyme 
preparations were the same as that described in Table 3. 
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neutral red was observed many times before bursting was evident when 
the protoplasts were treated with either phosphatidase C or protease 
(Fig. 10), however, endo-PGTE-treated protoplasts always retained 
the dye (Fig. 11). 
Respiration of Enzyme-Treated Potato Discs and Mitochondria 
The rapid method for the isolation of active mitochondria from 
potato tubers was used in this study (89). Isolated mitochondria 
were treated with the various purified enzymes and the effect of 
these enzymes on respiratory activity measured (Fig. 12). The 
mitochondrial reaction mixture was allowed to equilibrate for 30 
min in the respirometer flasks before the purified enzymes were 
tipped from the side arm of the flasks. Only purified phosphatidase 
C and protease produced a decrease in oxygen uptake. The effect of 
phosphatidase C-treated mitochondria was much greater than that ob¬ 
served with protease. No cumulative effect was observed when enzymes 
(phosphatidase C and protease) were combined. Purified endo-PGTE 
exhibited no appreciable effect on mitochondrial respirating activity. 
Changes in the rate of oxygen uptake after potato discs were 
treated with the purified enzymes are illustrated in Figure 13. In 
contrast to the results obtained from the enzyme-treated mitochondria, 
endo-PGTE caused a maximum decrease in respiration of potato discs in 
which oxygen uptake was reached after 5 hr incubation. The maceration 
of potato discs was periodically checked in duplicate flasks and 
maceration was complete by the fifth hr of incubation. Only slight 
decreases in oxygen uptake were observed when discs were treated 
with either phosphatidase C or protease. 
54. 
Fig. 9. Drawings of normal protoplasts from cucumber locular 
tissues and 3 types of bursting phenomena of protoplasts after 
treatment with purified phosphatidase C produced by Erwjnia 
carotovora (EC14). 
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Fig. 10. The sequential bursting of cucumber locular 
protoplasts after treatment with purified phosphatidase 
C and protease. A through D shows the condition of proto¬ 
plasts after treatment with phosphatidase C at 0, 3, 5, and 
7 min, respectively. The arrow in (B) indicates the release 
of neutral red from the protoplast. E through H shows the 
condition of protoplasts after treatment with protease at 
0, 10, 45, and 60 min. respectively. The enzyme preparations 
were the same as those described in Table 4. Under phase 
microscope (430 X) 

Fig. 11. Protoplast from cucumber locular tissue after 
a 4 hr treatment with purified endo-PGTE. No 
evidence of protoplasmic injury was observed. 
visual 
Under 
phase microscope (430 X) 
60 
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Fig. 12. Oxygen uptake of potato mitochondria treated 
with purified phosphatidase C, protease, and *endopoly- 
galacturonate trans-eliminase produced by Erwinia carotovora 
(EC14). Each flask contained 1.4 ml of active mitochondria 
(0.8 mg protein/reaction), 40 pM P±, 2 ;iM ATP, 0.02 pM cyto¬ 
chrome C, 20 pM of sodium succinate and 10“5 M of streptomycin. 
For measuring the effect of the purified enzymes on mitochondrial 
respiratory activity, 0.4 ml of the purified enzyme preparation 
was added to the side arm and poured into the reaction medium 
after 1 hr incubation. All of the experiments were carried out 
at 25° C with 30 min equilibration before initial readings were 
taken. (A) Mitochondria treated with phosphatidase C (3.3 units) 
with 3 x 10M Mg42; (C) Endopolygalacturonate trans-eliminase 
(13.3 units) with 3 x 10"4 M Ca42; (D) Protease (6.6 units) and 
phosphatidase C (3.3 units) with each 3 x 10-4 M Mg42 and Ca+2; 
(E) Phosphatidase C (3.3 units) and endopolygalacturonate trans- 
eliminase (13.3 units) with each 3 x 10"4 M Mg42 and Ca42; (F) 
Protease (6.6 units), phosphatidase C (3.3 units) and endopoly¬ 
galacturonate trans-eliminase (13.3 units) with each 3 x 10-4 M 
4.2 -42 4-2 
Ca , Mg and Ca , respectively. Autoclaved enzymes served 
as the controls. 
62 
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Fig. 13. Oxygen uptake of potato discs treated with 
purified phosphatidase C, protease and endopolygalac- 
turonate trans-eliminase produced by Erwinia carotovora 
(EC14). Each flask contained 40 Jim P^, 2 pM ATP, 0.02 
pM cytochrome C, 20 pM sodium succinate, and 0.2 g of 
potato discs (cut into small pieces) with 10“^ M strep¬ 
tomycin. All of the experimental conditions were the 
same as those described in Fig. 12. (A) Potato discs 
treated with phosphatidase C (6.6 units); (B) Potato 
discs treated with protease (13.2 units); (C) Potato 
discs treated with endopolygalacturonate trans-eliminase 
(26.6 units); (D) Potato discs treated with phosphatidase 
C (6.6 units) and protease (13.2 units). 
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IV. DISCUSSION 
In order to understand the involvement of various enzymes 
produced by pathogens in disease development, highly purified 
enzyme systems must be used (81). In this study three enzymes - 
endo-PGTE, protease, and phosphatidase C - were selected for 
purification. Although endo-PGTE had been purified previously 
(43,81), the techniques for phosphatidase C and protease purifi¬ 
cation have not been reported from E* carotovora. Purification 
of these enzymes was accomplished by ammonium sulfate fractionation, 
DEAE cellulose column chromatography, and isoelectric focusing and 
resulted in a high yield of the enzymes to be tested. In figures 
1 and 3, two phosphatidase fractions were eluted from columns of 
DEAE cellulose. Both phosphatidases were determined to be of the C 
type. In previous investigations (80,81) only one phospholipid de¬ 
grading enzyme from E. carotovora had been found. In these reports 
phosphatidase was isolated from culture filtrates of E. carotovora - 
inoculated nutrient broth solutions, whereas in this study the enzyme 
was purified from culture filtrates of E. carotovora - inoculated 
bean hypocotyls. Autoclaved bean hypocotyls were selected as the 
medium for growing E. carotovora for several reasons: 1) Nutrient 
broth media resulted in a low production of phosphatidase C, Also, 
the enzyme was found to be highly unstable after DEAE cellulose 
chromatography, and therefore was not considered suitable for use 
in the protoplast and respirometry studies; 2) Potato and cucumber 
extracts induced the production of phosphatidase C, however, the 
yield of enzyme was reduced over that found when bean hypocotyls 
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was used as a substrate; and 3) The phosphatidase C induced by bean 
hypocotyls was found to be highly stable (active for more than one 
year) and was produced in high amounts. The stability and produc¬ 
tion of protease and endo-PGTE was similar to that found in a 
previous report (81). The fact that two phosphatidase C fractions 
were obtained in this study may suggest that two isoenzymes were 
induced and may be a reflection of the bean substrate used. Fur¬ 
ther studies using other methods such as polyacrylamide gel elec¬ 
trophoresis and/or sucrose density-gradient ultracentrifugation 
are needed before confirmation of phosphatidase isoenzymes can be 
made. Several investigators have demonstrated the prescence of 
multiple phosphatide-degrading enzyme systems of fungal and bacter¬ 
ial origin (34,50,88). Recently, Salach et al (99) was able to 
isolate phospholipase A isoenzymes from Naja Naja venom. 
The fact that purified endo-PGTE, as well as endopolygalacturon- 
ase, will kill plant cells is well established (43,81,107). 
Purified endo-PGTE is capable of inducing maceration, electrolyte 
loss, and cellular death. The question of interest involving 
these phenomena is whether endo-PGTE will cause ion leakage and 
cellular death in the absence of the host cell wall. In other words, 
would the cell membrane or protoplasm be sufficient substrate for 
the toxic action of endo-PGTE? The suspicion that endo-PGTE could 
react directly with the cell membrane and/or protoplast is due to 
the observation that leakage (assayed with 86Rb) occurs before 
maceration and cellular death of host tissues is detected (81). 
If endo-PGTE acts directly on the membrane surface of the protoplast 
or the protoplast itself, then one would expect to observe leakage 
67. 
of the neutral red dye from the protoplast or possibly cell membrane 
disruption. Since endo-PGTE did not cause any observable changes in 
the protoplasts, the direct involvement of endo-PGTE on the cell mem¬ 
brane or protoplasts in the absence of the cell wall appears question¬ 
able. Whether the fact that the contracted condition of the proto¬ 
plasts (in 0.6 M sucrose) prevents or retards the action of the 
enzyme on receptor sites or substrates which may be present in the 
cell membrane or within the protoplasm was not established. If 
direct involvement of endo-PGTE was on membranes, then one could 
speculate that changes in respiration would occur when the enzyme is 
reacted with mitochondria. Again, no changes in oxygen uptake were 
observed (Fig. 12). A decrease in oxygen uptake was evident when 
purified endo-PGTE was reacted with potato discs, however, the rate 
of decrease appeared to parallel the rate of cellular death and 
maceration. 
Since phosphatidase C and protease are both produced in high 
amounts by E. carotovorat there are several points of interest 
concerning these enzymes; are they involved, and to what extent are 
they involved in pathogenesis? Will they cause permeability changes 
or chemical disruption of the cell membrane? Is maceration or degra¬ 
dation of the cell wall (by pectic enzymes) necessary before these 
enzymes can react with the cell membrane? Phosphatidase C and pro¬ 
tease were both capable of inducing some cellular death in intact 
cucumber tissue without maceration, but had no effect on potato 
tissue. Whether or not this demonstrates substrate specificity be¬ 
tween the two tissues was not determined. The bursting of cucumber 
protoplasts was striking with phosphatidase C showing the greatest 
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effect. In many instances the leakage of neutral red occurred before 
bursting of the protoplasts was evident, indicating a permeability 
change of the membrane. Studies with phospholipases from snake venom 
(29) and Clostridium welchii (6) indicated that these enzymes are 
quite toxic to animal tissue. This toxicity is believed to be associat¬ 
ed with the destruction of phosphatides in biological membranes (101). 
X-ray diffraction studies of phospholipase C-treated membranes have 
shown marked changes in the diffraction patterns of dried erythrocyte 
ghosts (39). When dried membranes, which were subsequently digested 
with trypsin, were treated with phospholipase C, a low angle x-ray 
diffraction pattern was obtained as compared tc controls. In this 
case both trypsin and phospholipase C had the ability to modify 
protein and phosphatide components of the membrane. The results re¬ 
ported here support this view of membrane modification by phosphatidase 
C and protease. 
A possible interaction of proteins and cell membranes which 
may be responsible for cellular death was reported by Ruesink and 
Thimann (98). They tested a number of enzymes including proteinases 
and phosphatidases for their ability to burst isolated oat coleoplile 
protoplasts. No significant attack on the membrane was initiated by 
proteinases and phosphatidase. Ribonuclease was the only enzyme 
which induced the greatest lysis of the isolated protoplasts. This 
enzyme has an isoelectric point (pi) at 9.6, and they suggested that 
its bursting action may be due to its basic properties which may en¬ 
able it to disrupt critical anionic sites on the membrane surface. 
In the present study, both purified phosphatidase C (pi 7.5) and 
protease (pi 8.3) produced by E. carotovora caused bursting of cucum- 
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ber locular protoplasts, however, purified endo-PGTE (pi 9.4) did 
not. If ion imbalance is the important factor in the killing action 
of endo-PGTE, then one would have expected to see protoplast bursting 
with this enzyme. However, one cannot rule out the possibility that 
plasmolysis (protoplasts in 0.6 M sucrose) stabilizes the ionic con¬ 
dition and therefore prevents the action of endo-PGTE (net positive 
charge) with the cell membrane (net negative charge on the outer 
surface). The fact that phosphatidase C and protease, which has 
lower isoelectric points than endo-PGTE, caused bursting of cucumber 
protoplasts suggests that protoplast lysis is due to the enzymatic 
action of these enzymes on the membrane. 
Descriptions of alternations of respiration in plant tissues 
affected by bacterial pathogens is meager. Research in this area 
has been primarily with the crown gall pathogen, Agrobacterium 
tumefaciens (83) and with Pseudomonas solanacerum (71). When par¬ 
tially purified hydrolytic enzymes (polygalacturonase and cellulase) 
were prepared from culture filtrates of P. solanacerum and incubated 
with tobacco stem slices, O2 uptake of susceptible stem slices was 
increased 58 percent. No increase was observed when resistant stem 
slices were similarly tested. However, highly purified endo-PGTE 
from culture filtrates of E. carotovora t when incubated with potato 
discs, resulted in a significant decrease of 02 uptake (Fig. 13). 
No appreciable differences of 02 uptake were found when purified 
phosphatidase C and protease were tested. Since endo-PGTE did not 
burst protoplasts and had no effect on mitochondrial respiration, one 
could speculate that the decrease in C>2 uptake of treated potato discs 
is due to an indirect effect. The decrease of 02 uptake in mitochon¬ 
drial, phosphatidase C or protease interaction may be explained several 
ways. These enzymes may act directly on the membranes to modify 
mitochondrial stability or indirectly by releasing membrane-bound 
enzymes which in turn directly interfere with the respiratory process. 
Phosphatidase C may split phosphatide molecules which are associated 
with certain respiratory enzymes. The alpha toxic of C. welchii in¬ 
hibits succinate oxidase (78,122) and cytochrome oxidase (78) activities 
of mitochondrial preparations. In addition, lecithin is also important 
in maintaining the activity of an ATPase (62) in which a linear corre¬ 
lation between the amount of acid-soluble phosphorus released by toxin 
action and the inhibition of ATPase has been established. The release 
of acid-soluble phosphorus parallels a decrease in succinate activity 
(37). Augustyn et^ al_ (8) reported that phospholipase A from 
Agkistrodon piscivorus alters mitochondrial respiration and phos¬ 
phorylation in a manner identical to whole venom: at low concentra¬ 
tion it increases mitochondrial respiration in the absence of a 
phosphate acceptor (ADP); at high concentrations it causes inhibition 
of the electron transport system; and at intermediate concentrations 
it produces a rate respiratory decline in which ADP acts as an in¬ 
hibitor. Whether phosphatidase C from E. carotovora acts in a direct 
or indirect manner in causing a decrease in respiratory activity re¬ 
mains to be investigated. 
The f^ct that both purified phosphatidase C and protease caused 
bursting of cucumber protoplasts and altered mitochondrial respiration, 
indicated a modification of cellular membranes of the host. The 
mechanism(s) of killing of host cells by purified endo-PGTE is still 
not established. At least in the cucumber system, cellular death of 
tissue can be induced with phosphatidases and proteases in the absence 
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of pectic enzymes which induce tissue maceration. The demonstration 
that these enzymes are toxic to certain plant tissues suggest that 
they would be, in part, involved in disease development. 
72. 
LITERATURE CITED 
1. Albersheim, P., H. Neukom, and H. Deuel. 1960. Splitting 
of pectin chain molecules in neutral solution. Arch. Biochem. 
Biophys. 90:45-51. 
2. Albersheim, P. 1965. Biogenesis of the cell wall. In 
Plant Biochemistry. J. Bonner and J. E. Varner (eds.), 
Academic Press, New York and London, pp. 298-321. 
3. Ambe, K. S., and F. L. Crane. 1959. Phospholipase-induced 
release of cytochrome C from the electron transport particle. 
Science 129:98-99. 
4. Anderson, A., and P. Albersheim. 1972. Aspects of the 
specificity of the plant protein which inhibit pathogen 
secreted endopolygalacturonases. Phytopathology 62:744 
CAbstr.). 
5. Ansell, G. B., and J. N. Hawthorne. 1964. Phospholipids0 
Chemistry, metabolism and function. B. B. A. Library, 
Vol. 3. Elsevier Publ. Co., Amsterdam, London, New York. 
439p. 
6., Ansell, G. B., and S. Spanner. 1965. The action of 
phospholipase C on ethanolamine plasmologen (2-Acyl-1- 
alkenyl-glycerylphonsphoryl-ethanolamine). Biochem. J. 
97:375-379. 
7. Aravindakshan, I. and B. M. Braganca. 1959. Oxidative 
phosphorylation in brain and liver mitochondria of animals 
injected with cobra venom. Biochem. Biophys. Acta 31:463-466. 
8. Augustyn, J. M., B. Parsa, and W. B. Elliott. 1970. Structural 
and respiratory effects of Agkistrodon piscivorus phospholipase 
A on r«.*t liver mitochondria. Biochem. Biophys. Acta 197:185-196. 
9. Ayers, W. A., G. C. Papavizas, and A. F. Diem. 1966. Poly- 
galacturonate trans-eliminase and polygalacturonase production 
bY Rhizoctonia solani. Phytopathology 56:1006-1011. 
10* Bachmann, E., G. Lenaz, J. F. Purdue, N. One-Johnson, and 
w E^Green# 196?# ThG membrane systems of the mitochondria. 
• The inner membrane of beef heart mitochondria. Arch 
Biochem. Biophys. 121:73-87. 
11^ Bateman, D. F. 1963. Pectolytic activities of culture filtrates 
Rhizoctonia solani and extracts of Rhizoctonia-infected 
tissues of bean. Phytopathology 53:197-201. 
73. 
12. Bateman, D. F. 1963. The ’macerating enzyme’ of Rhizoctonja^ 
solani. Phytopathology 53:1178-1186. 
% 
13. Bateman, D. F. 1964. An induced mechanism of tissue resis¬ 
tance to polygalacturonase in Rhizoctonja-Infected hypocotyls 
of bean. Phytopathology 54:438-445. 
14. Bateman, D. F. 1966. Hydrolytic and trans-eliminative degra¬ 
dation of pectic substances by extracellular enzymes of Fusarium 
solani f. phaseoli. Phytopathology 56:238-244. 
15. Bateman, D. F., and R. L. Millar. 1966. Pectic enzymes in 
tissue degradation. Ann. Rev. Phytopathology 4:119—146. 
16. Benedetti, E. L., and P. Emmelot. 1968. In "Ultrastructure 
in Biological Systems", A. J« D lton and F. Haguenan (eds.), 
Vol. 4. Academic Press, New York. p. 33. 
r 
17. Benson, A. A. 1964. Plant membrane lipids. Ann. Rev. Plant 
Physiology 15:1-16. 
18. Beraha, L., B. A. Billeter, and E. D. Garber. 1971. Produc¬ 
tion of cellulase, phospnatidase, polygalacturonase, and pec- 
tate lyase by prototrophic avirulent and partially revertant 
mutants of Erwinia carotovora. Phytopathology 61:885 (Abstn). 
19. Beraha, L., B. A. Billeter, and E. D. Garber. 1972. Enzyme 
profiles and virulence in phosphatidase mutants of Erwinia 
carotovora. Phytopathology 62:746 (Abstc). 
20. Biehn, W. L., and A. E. Dimond. 1971. Effect of pectin 
source and sugars on polygalacturonase production by Cerato- 
cytis ulmi. Phytopathology 61:745-746. 
21. Biehn, W. L., D. C. Sands, and L. Hankin. 1972. Repression 
of pectic enzymes and pathogensis in Erwinia carotovora. 
Phytopathology 62:747 (Abstr.). 
i 
22. Brathwaite, C. W. D., and R. S. Dickey. 1970. Synergism 
between Pseudomonas caryophylli and a species of Coryne- 
bacterium. Phytopathology 60:1046-1051. 
23*> Brathwaite, C. W. D., and R. S. Dickey. 1971. Role of 
cellular permeability alternations and pectic and cellulo¬ 
lytic enzymes in the maceration of carnation tissue by 
Pseudomonas caryophylli and Corynebacterium sp. Phytopatho¬ 
logy 61:476-483. 
24. Brown, W. 1915. Studies in the physiology of parasitism. 
I. The action of Botrytis cinerea. Ann. Botany 29:313-348. 
74 
25. Butt, V. S., and H. Beevers. 1966. The plant lipids. In. 
Plant Physiology. F. C. Steward (ed.) Vol IV-B pp. 265-414. 
26. Byrde, R. J. W. 1963. Natural inhibitors of fungal enzymes 
and toxins in disease resistance. In^ Perspectives of Biochem¬ 
ical Plant. S. Rich (ed.), Conn. Agr. Exp. Sta. Bull., 
663:31-41. 
27. Byrde, R. J. W., and A. H. Fielding. 1968. Pectin methyl- 
irans-eliminase as the macerating factor of Sclerotinia 
fructigena and its significance in brown rot of apple, 
J. Gen. Microbiol. 52:287-297. 
28. Cole, M., and R. K. S. Wood. 1961. Types of soft rot, rate 
of rotting, and analysis of pectic substances in apples rotted 
by fungi. Ann. Botany 25:417-434. 
29. Condrea, E., and A. DeVries. 1965. Venom phospholipase A: 
A review. Toxicon 2:261-273. 
30. Condrea, E., Y. Avi-dor and J. Mager. 1965. Mitochondrial 
swelling and phospholipid splitting induced by snake venom. 
Biochem. Biophys. Acta 110:337-347. 
31. Bean, M., and R. K. S. Wood. 1967. Cell wall degradation 
by a pectate trans-eliminase. Nature 214:408-410. 
32. DeBary, A. 1886. Uber einige Scleratinien und Sclerotinienk- 
rankheiten. Bot. Ztg. 44:377-474. 
33. Beuel, H., and E. Stutz. 1958. Pectin substances and pectic 
enzymes. Advances in Enzymol. 20:341-382. 
34. Boery, H. M., B. J. Magnusson, J. Gulasekharam, and J. E. 
Pearson. 1965. The properties of phospholipase enzymes 
in Staphylococal toxins. J. Gen. Microbiol. 40:283-296. 
35^ Dourmashkin, R. R., and W. F. Rosse. 1966. Morphological 
changes in the membranes of red blood cells undergoing 
tiemolysis. Am. J. Med. 41:699-710. 
36. Earnshaw, M. J., and B. Truelove. 1970. Swelling of 
Phaseolus mitochondria induced by the action of phospho¬ 
lipase A. Plant Physiol. 45:322-326. 
37. Edwards, S. W., and E. G. Ball. 1954. The action of phos¬ 
pholipases on succinate oxidase and cytochrome oxidase. 
J. Biol. Chem. 209:619-633. 
38. Finean, J. B., and A. Martonosi. 1965. The action of phos¬ 
pholipase C on muscle microsomes: A correlation of electron 
microscope and biochemical data. Biochem. Biophys. Acta 
98:547-553. 
75. 
39. Finean, J. B., and R. Coleman. 1970. Integration of 
structural and biochemical approaches in the study of cell 
membranes. FEBS Symposium 20:9-16. 
40. Grey-Wyssling, A., and K. Muhlethaler. 1965. Ultrastruc- 
tural Plant Cytology. Elsevier Publishing Co., Amsterdam, 
London, and New York. 377p. 
41. Friedman, B. A. 1962. Physiological differences between a 
virulent and a weakly virulent radiation-induced strain of 
Erwinia carotovora. Phytopathology 52:328-332. 
42. Fushtey, S. 1957. Studies in the physiology of parasitism. 
XXIV. Further studies on the killing of cells by fungal and 
bacterial extracts. Ann. Bot. (N.S.) 21:273-286. 
43. Garibaldi, A., and D. F. Bateman. 1971. Pectic enzymes 
produced by Erwjnia chrysanthemi and their effects on plant 
tissue. Physiological Plant Path. 1:25-40. 
44. Ginzburg, B. Z. 1961. Evidence for a protein-gel structure 
cross-linked by metal cations in the intercellular cement 
of plant tissue. J. Exp. Botany 12:85-107. 
45. Hagar, S. S., and G. A. McIntyre. 1971. Some characteristics 
of pectic lyases produced by Pseudomonas fluorescens a causal 
agent of "pink eye" disease of potato tubers. Phytopathology 
61:893 (Abstr.). 
46. Hagihara, B. 1960. Bacteria and mold proteases. In the 
Enzymes. P. D. Boyer, H. Lardy, and K. Myrback (eds.), 
2nd Ed., Vol 4. Academic Press, New York and London. 
p. 193-213. 
47. Hanahan, D„ J. 1957. The lecithinases. In^Progress in the 
Chemistry of Fats and other Lipids. R. T.~Holman, W. 0. Lund- 
anc* T. Malkin (eds.). Vol* 4. Pergamon Press, New York, 
London, and Paris. pp. 142-176. 
48. Hancock, J. G., R. L. Millar, and J. W. Lorbeer. 1964. 
Pectolytic and cellulolytic enzymes produced by Botrvtis 
alliit Botrytis cinerea. and Botrytis squamosa in vitro and 
in vivo. Phytopathology 54:928-931. 
49. Hancock, J. G., and R. L. Millar. 1965. Relative importance 
of polygalacturonate trans-eljminase and other pectolytic 
enzymes in Southern anthracnose, spring black stem, and 
Stemphylium leaf spot of alfalfa. Phytopathology 55:346-355. 
50. Hayaishi, 0., and A. Kornberg. 1954. Metabolism of phos¬ 
pholipids by bacterial enzymes. J. Biol. Chem. 296:647-663. 
76 
51. Hinton, C. L. 1951. The polyuronides. Ann. Rev. Biochem. 
20:67-86. 
52. Hsu, E. J., and R. H. Vaughn. 1969. Production and cata- 
bolite repression of constitutive polygalacturonic trans- 
eliminase of Aeromonas liquefaciens. J. Bact. 98:172-181. 
53. Huang, J. S., and R. N. Goodman. 1970. The relationship 
of phosphatidase activity to hypersensitive reaction in 
tobacco induced by bacteria. Phytopathology 60:1020-1021. 
54. Husain, A., and A. Kelman. 1959. Tissue is disintegrated. 
In Plant Physiology I. J. G. Horsfall and A. E. Dimond (eds.), 
Academic Press, New York. pp. 144-182. 
55. Jones, L. R. 1909. The bacterial soft rots of certain vege¬ 
tables. II. Pectinase, the cytolytic enzyme produced by 
Bacillus carotovora and certain other soft rot organisms. 
Techn. Bull. Vt. Agric. Exp. Sta. 147:281-360. 
56. Joslyn, M. A. 1962. The chemistry of protopectin: A 
critical review of historical data and recent developments. 
Adv. Food Research 11:1-107. 
57. Kamal, M., and R. K. S. Wood. 1956. Pectic enzymes secreted 
by Verticillium dahliae and their role in the development of 
the wilt diseases of cotton. Ann Appl. Biol. 44:322-340. 
58. Kates, M. 1960. Lipolytic enzymes. In_Lipid Metabolism. 
K. Block (ed.), John Wiley and Sons Inc., New York. pp. 
165-237. 
59. Keen, N. T. 1966. Protease of Pseudomonas lachymans in 
relation to cucumber angular leaf spot. Phytopathology 
56:884 (Abstr.). 
60. Kertesz, Z. I. 1951. Pectic enzymes. In_The Enzymes, 
Vol. I. J. B. Summer and K. Myrback (eds.). Academic Press, 
New York. pp. 745-769. 
61. Kertesz, Z. I. 1951. The pectic substances. Interscience, 
New York. pp. 1-628. 
62. Kielley, W. W., and O. Meyerhof. 1950. Studies on adenosine- 
triphosphatase of muscle. III. The lipoprotein nature of 
the magnesium-activated adenosinetriphosphatase. J. Biol. 
Chem. 183:391-401. 
63. Kuc, J., and E. B. Williams. 1962. Production of proteo¬ 
lytic enzymes by four pathogens of apple fruit. Phytopatho¬ 
logy 52:739 (Abstr.). 
77. 
64. Kunitz, M. 1947. Crystalline soybean inhibitor. II. 
General properties. J. Gen. Physiol. 30:291-310. 
65. JLenard, J., and S. J. Singer. 1968. Structure of membranes: 
Reaction of red blood cell membranes with phospholipase C. 
Science 159:738-739. 
66. Lineweaver, H., and E. F. Jansen. 1951. Pectic enzymes. 
Advance Enzymology 11:267-295. 
67. Juowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 
1951. Protein measurement with the Folin phenol reagent. 
J. Biol. Chem. 193:265-275. 
68. Lucy, J. A., J. T. Dingle. 1964. Lipids of animal cell 
membranes. In^ Metabolism and Physiological Significance 
of Lipids. R. M. C. Dawson and D. N. Rhodes (eds.), John 
Wiley and Sons Ltd. London, New York, Sydney, pp. 383- 
397. 
69. Lumsden, R. D., and D. F. Bateman. 1968. Phosphatide- 
degrading enzymes associated with pathogenesis in Phaseolus 
vulgaris infected with Thielaviopsis basicola. Phytopathology 
58:219-227. 
t 
70. Lumsden, R. D. 1970. Phosphatidases of Sclerotinia 
sclerotiorum produced in culture and in infected bean. 
Phytopathology 60:1106-1110. 
71. Maine, E. C. 1960. Physiological responses in the tobacco 
plant to pathogenesis by Pseudomonas solanacerum, causal 
agent of bacterial wilt. Doctoral Thesis, North Carolina 
State College, Durham, N.C. 
72. Marinetti, G. V., J. Erbland, and E. Stotz. 1958. Phos- 
phatides of pig heart cell fractions. J. Biol. Chem. 233:562- 
565. 
73. Martonosi, A. 1968. Sarcoplasmic reticulum. V. The struc¬ 
ture of sarcoplasmic reticulum membranes. Biochem. Biophys. 
Acta 150:694-704. 
74. Martonosi, A., J. Donley, and R. A. Halpin. 1968. Sarco¬ 
plasmic reticulum. III. The role of phospholipids in the 
adenosine triphosphase activity and Ca*2 transport. J. Biol. 
Chem. 243:61-70. 
75. McClendon, J. H., G. F. Somers and J. W. Henberger. 1960. 
The occurrence of a variety of enzymes hydrolyzing cell wall 
polysaccharides in apples rotted by Botryosphaeria ribes. 
Phytopathology 50:258-261. 
78 
76. McClendon, J. H. 1964. Evidence for the pectic nature of 
the middle lamella of potato tuber cell walls based on chroma¬ 
tography of macerating enzymes. Am. J. Botany 51:628-633. 
77. McCready, R. M., and H. S. Owens. 1954. Pectin - a product 
of citrus waste. Econ. Botany 8:29-47. 
78. McFarlane, M. 1950. Inhibition of succinoxidase activity 
of mitochondria by Clostridium welchii toxin. Biochem. J. 
47:xxix-xxx. 
79. Millar, R. L. 1965. Polygalacturonate trans-eliminase pro¬ 
duction by Fusarium sp. isolated from alfalfa roots. Phyto¬ 
pathology 55:130 (Abstr.). 
80. Mount, M. S., and D. F. Bateman. 1969. Production of phos- 
phatidase C by Erwinia carotovora. Phytopathology 59:401 
(Abstr.). 
81. Mount, M. S., and D. F. Bateman, and H. G. Basham. 1970. 
Induction of electrolyte loss, tissue maceration, and 
cellular death of potato tissue by an endo-polygalacturonate 
trans-eliminase. Phytopathology 60:924-931. 
82. Mussell, H. W., and B. Strouse. 1971. Proteolytic enzyme 
production by Verticillium alboatrum. Phytopathology 61:904 
(Abstr.). 
83. Nagy, R., A. J. Riker, and W. H. Peterson. 1938. Some 
physiological studies on crown gall and contiguous tissue. 
J. Agr. Res. 57:465-472. 
84. Nasuno, S., and M. P. Starr. 1966. Pectic enzymes of 
Pseudomonas marginalis. Phytopathology 56:1414-1415. 
85. Northcote, D. H. 1958. The cell walls of higher plants: 
Their composition, structure and growth. Biol. Rev. Cambridge 
Phil. Soc. 33:53-102. 
86. Northcote, D. H. 1972. Chemistry of the plant cell wall. 
Ann. Rev. Plant Physiol. 23:113-132. 
87. Nygaard, A. P., M. U. Dianzani and G. F. Bair. 1954. 
The effect of lecithinase A on the morphology of isolated 
mitochondra. Exptl. Cell Res. 6:453-458. 
88. Oi, Susumu, and Y. Satomura. 1963. Purification and sub¬ 
strate specificates of phospholipase A and B of Sclerotinia 
fungus. Agr. Biol. Chem. 27:397-404. 
89. Palmer, J. M. 1967. Rapid isolation of active mitochondria 
from plant tissue. Nature 216:1208. 
79. 
90. Patil, S. S., and A. E. Dimond. 1968. Repression of poly¬ 
galacturonase synthesis in Fusarium oxysporium f. sp. lyco.- 
persici by sugars and its effect on symptom reduction in in— 
fected tomato plants. Phytopathology 58:676-682. 
91. Petrushka, E., J. H. Ouastel, and P. G. Scholefield. 1959. 
Role of phospholipids in oxidative phosphorylation and mito¬ 
chondrial structure. Can. J. Biochem. Physiol. 37:989-998. 
92. Preiss, J., and G. Ashwell. 1963. Polygalacturonic acid 
metabolism in bacteria. I. Enzymatic formation of 4-deoxy- 
L-threo-5-hexoseulose uronic acid. J. Biol. Chem. 238:1571- 
1576. 
93. Reddy. M. N., D. L. Stuteville, and E. L. Sorenen. 1971. 
Protease production during pathogenesis of bacterial leaf 
spot of alfalfa and by Xanthomonas alfalfa in^ vitro. Phy¬ 
topathology 61:361-365. 
94. Ringler, R. L., S. Minakami, and T. P. Singer. 1960. Iso¬ 
lation and properties of the DPNH dehydrogenase of the respira¬ 
tory chain from heart mitochondria. Biochem. Biophys. Res. 
Commun. 3:417-422. 
95. Rossi, C. R., C. S. Rossi, L. Sartorelli, D. Siliprandi, and 
N. Siliprandi. 1962. Protective action of phosphorylcholine 
on mitochondrial oxidative phosphorylation. Arch. Biochem. 
Biophys. 99:214-221. 
96. Rothfield, L., and A. Finkelstein. 1968. Membrane biochem¬ 
istry. Ann. Rev. Biochemistry 37:463-496. 
97. Ruesink, A. W# 1971. The plasma membrane of Avena coleoptile 
protoplasts. Plant Physiol. 47:192-195. 
98. Ruesink, A. W., and K. V. Thimann. 1965. Protoplasts from 
the Ayena coleoptile. Proc. Natl. Acad. Sci. 54:56-64. 
99. Salach, J. I., P. Turini, J. Hauber, R. Seng, H. Tisdale, 
and T. P. Singer. 1968. Isolation of phospholipase A 
isoenzymes from Naja Na ja venom and their action on membrane- 
bound enzymes. Biochem. Biophys. Res. Commun. 33:936-941. 
100. Sherwood, R. T. 1966. Pectin lyase and polygalacturonase 
production by Rhizoctonia solani and other fungi. Phytopathology 
56:279-286. 
101. Slein, M. W., and G. F. Logan, Jr. 1965. Characterization 
of the phospholipase of Bacillus cereus and their effect on 
erythrocytes, bone, and kidney cells. J. Bacteriol. 90:69- 
81. 
80 
102. Spalding, D. H. 1969. Toxic effect of macerating action 
of extracts of sweet potatoes rotted by Rhizopus stolonifer 
and its inhibition by ions. Phytopathology 59:685-692. 
103. Starr, M. P., and F. M0ran. 1962. Eliminative split of 
pectic substances by phytopathogenic soft rot bacteria. 
Science 135:920-921. 
104. Taub, A. M., and W. B. Elliott. 1964. Some effects of 
snake venoms on mitochondria. Toxicon 2:87-92. 
105. Thatcher, F. S. 1942. Further studies of osmotic and 
permeability relations in parasitism. Can. J. Res. (Sect. C) 
20:283-311. 
106. Thompson, G. A. Jr. 1965. Cellular membranes. In Plant 
Biochemistry. J. Bonner and J. E. Varner (eds.), Academic 
Press, New York. pp. 64-88* 
107. Tribe, H. T. 1955. Studies in the physiology of parasitism. 
XIX. On the killing of plant cells by enzymes from Botrytis 
cinerea and Bacterium aroideae. Ann. Botany 19:351-368. 
108. Tseng, T. C., and D. F. Bateman. 1968. Production of 
phosphatidases by phytopathogens. Phytopathology 58:1437- 
1438. 
109. Tseng, T. C., and D. F. Bateman. 1969* A phosphatidase 
produced by Sclerotium rolfsii. Phytopathology 59:359-363. 
110. Tseng, T. C., S. L. Lee and L. H. Chang. 1970* An extra¬ 
cellular phosphatidase produced by Botrytis cinerea in vitro. 
Bot. Bull. Acad. Sinica 11:88-97. 
Tseng, T. C., and L. H. Chang. 1970. Phosphatidases pro¬ 
duced by some fungal rice pathogens in vitro. Bot. Bull. 
Acad. Sinica 11:120-122. 
112. Turner, M. T., and D. F. Bateman. 1968. Maceration of 
plant tissues susceptible and resistance to soft rot patho¬ 
gens by enzymes from compatible host—pathogen combinations. 
Phytopathology 58:1509-1515. 
113. Van Deenen, L. L. M. 1964. The specificity of phospholi¬ 
pases. In_ Metabolism and Physiological Significance of 
Lipids. R. M. C. Dawson and D. N. Rhodes (eds.) John Wiley 
and 60ns Ltd., New York, London, Sydney. pp. 155-178. 
114. Van Etten, H. D. 1966. Endopeptidases and cell wall de¬ 
grading enzymes associated with bean hypocotyls infected with 
Rhizoctonia solani Kuhn. M. S. Thesis. Cornell Univ., Ithaca 
N.Y. 89p. * ca, 
81. 
115. Van Etten, H. D., and D. F. Bateman. 1965. Proteolytic 
activity in extracts of Rhizoctonia-infected hypocotyls of 
bean. Phytopathology 55:1285 (Abstr.). 
116. Vidal, J. C., B. N. Badano, A. 0. M. Stoppani and A. Boveris. 
1966. Inhibition of electron transport chain by purified 
phospholipase A from Bothrops neuwiedi venom. Mem* Inst. 
Butantan Simp. Internac 33:913-920. 
117. Waggoner, P. E., and A. E. Dimond. 1955. Production and 
role of extracellular pectic enzymes of Fusarium oxysporium 
f. lycopersici. Phytopathology 45:79-87. 
118. Wang, Sy-ying C., and J. A. Pinckard, 1972. Some biochemi¬ 
cal factors associated with the infection of cotton fruit by 
Diplodia gossypina. Phytopathology 62:460-465. 
119. Whitaker, J. R. 1961. Proteolytic enzymes. Wallerstein 
Lab. Commun. 24:4-20. 
120. Wittcoff, H. 1951. The phosphatides. Reinhold Publishing 
Corp., New York. 564p. 
121. Wood, R. K. S. 1960. Pectic and cellulolytic enzymes in 
plant disease. Ann. Rev. Plant Physiol. 11:299-322. 
122. Wooldridge, W. G., and C. Higginbottora. 1938. The effect 
of certain bacterial toxins upon some respiratory mechanisms 
of animal tissues. Biochem. J. 32:1718-1728. 
123. Zucker, M., L. Hankin, and D. Sands. 1972. Factors govern¬ 
ing pectate lyase synthesis in soft rot and non-soft rot 
bacteria. Physiol. Plant Path. 2:59-68. 


